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Introduction {#sec1}
============

The plasma membrane serves as a platform for cell-to-cell communication and intracellular signal transduction, and thus, its selective imaging is critical for cell biology research ([@bib6], [@bib19]). Currently, however, it is difficult to detect the precise location of the plasma membrane in living cells. Membrane-anchored fluorescent proteins and membrane-selective organic fluorescent dyes are widely used for this purpose, but the dynamic trafficking of membrane structures within living cells produces signals arising not only from the plasma membrane but also from various intracellular membrane structures, such as the ER and endocytosis/exocytosis vesicles. Fluorescence signals from these intracellular membrane structures results in background noise in the visualization of the plasma membrane, making its precise identification impossible. For example, docked synaptic vesicles reside beneath the plasma membrane, at a distance of less than 100 nm, which is far below the optical resolution of conventional microscopy. Even recent advancements in super-resolution microscopy cannot resolve this issue ([@bib18]). In addition, chromatic aberrations cannot be completely eliminated when using different excitation wavelengths, making spatial comparisons difficult, even for two-colored signals. To overcome these limitations for the characterization of the plasma membrane, a non-fluorescence-based approach is necessary.

In sharp contrast to fluorescence-based imaging, second harmonic generation (SHG) requires materials lacking centrosymmetry. The stringent requirement with respect to molecular orientation provides SHG imaging with a special capacity to visualize molecular orientation-sensitive phenomena within cells and tissues ([@bib12]). For example, well-ordered collagen fibers serve as a good SHG source in tissues and therefore can be visualized without staining, which has diagnostic applications for discriminating between the collagen fiber organizations of healthy and tumor tissues ([@bib2]). Such orientation-selective molecular imaging can be further exploited by visualizing specific exogenous molecules that do not show a centrosymmetric distribution within cells. The most prominent and abundant asymmetric sites in cells reside in membrane structures, where the water-rich hydrophilic environment is apposed to the lipid-rich hydrophobic lipid-bilayer. In fact, many organic fluorescent dyes designed to visualize membrane structures generate SH (second harmonic) signals from biological membranes when illuminated with ultra short-pulse lasers ([@bib15]), and these have been utilized to investigate the biophysical properties of membranes ([@bib1], [@bib3]). Although SHG imaging is a powerful technique, the use of fluorescent dyes for this purpose makes it difficult to simultaneously image it with other fluorescent markers, limiting its uses in cell biology, where multifaceted analyses are often required. To overcome this issue, we have recently developed a non-fluorescent SHG-specific dye, Ap3 ([@bib9]). When combined with other fluorescent probes, this dye can be utilized for multimodal two-photon imaging to obtain SHG-based and two-photon fluorescence (TPF)-based signals without any signal contamination or interference; this approach has extensive potential applications for plasma membrane research. However, verification of the specificity and accuracy of signals at the plasma membrane is necessary for applications to cell biology research.

In this study, we characterized dye-based SHG imaging of the plasma membrane and explored the potential use of multimodal two-photon imaging to investigate the cell biology of plasma membranes that are not attached to artificial substrates. Our results establish SHG imaging as a unique and powerful high-resolution plasma membrane-selective imaging tool that can be readily applied to cell biology research.

Results {#sec2}
=======

Comparison between Plasma Membrane Imaging with Membrane-Anchored GFP-TPF and Ap3-SHG {#sec2.1}
-------------------------------------------------------------------------------------

Membrane-bound GFP and other fluorescent proteins are widely used to visualize cell membrane structures, including the plasma membrane. Therefore, we first compared the plasma membrane images obtained by membrane-bound GFP TPF ([@bib20]) and SHG from the amphiphilic non-fluorescent SHG-specific dye Ap3 ([@bib9]) using CHO (Chinese Hamster Ovary) cells.

CHO cells plated on poly-L-lysine-coated coverslips were infected with baculovirus containing a gene encoding a membrane-anchored GFP fused to the myristoylation/palmitoylation sequence of Lck tyrosine kinase that targets GFP to the membrane ([@bib4], [@bib13], [@bib16]) and incubated for 2--3 days to allow the expression of the introduced gene. The cells were stained with Ap3 right before imaging and illuminated with a femtosecond laser at 950 nm under a laser scanning microscope. The dye was present throughout the experimental period, ensuring stable SHG images without significant phototoxicity ([@bib9]). Importantly, the non-fluorescent and SHG-active property of the SHG-specific dye Ap3 ensures a lack of cross-contamination between signals from SHG and fluorescent probes, allowing completely independent simultaneous signal acquisition ([@bib9]). Despite overlap at the plasma membrane, the images based on Ap3-SHG and GFP-TPF exhibited robust differences; a clear line-like signal was detected solely at the plasma membrane for SHG, and more diffuse signals, including strong intracellular signals, were detected from GFP ([Figure 1](#fig1){ref-type="fig"}A). The differences between the two images were evident not only at a low magnification that visualizes all cellular structures with various intracellular organelles ([Figure 1](#fig1){ref-type="fig"}A) but also at a higher magnification ([Figure 1](#fig1){ref-type="fig"}B). When the periphery of the cell was imaged, although the SHG signal exhibited a sharp line at the plasma membrane, GFP signals were more continuous from the plasma membrane to the intracellular regions, as shown in the plot profile ([Figures 1](#fig1){ref-type="fig"}B and 1C).Figure 1Comparison between Membrane-Anchored GFP-TPF and Ap3-SHG(A) Representative images of simultaneously visualized membrane-anchored GFP-TPF and Ap3-SHG signals in CHO cells. In the merged image, membrane-anchored GFP-TPF and Ap3-SHG signals are shown in green and magenta, respectively. Scale bar represents 10 μm.(B) Higher magnification images of the cell shown in (A). Scale bar represents 1 μm.(C) Plot profile analysis of membrane-anchored GFP-TPF (red) and Ap3-SHG (black) signals in the dotted area shown in (B).(D) Representative images of endocytosed vesicles labeled by 10 kDa-dextran Alexa Fluor 594 (red), membrane-anchored GFP (green), and Ap3 (blue). Fluorescence signals of membrane-anchored GFP originate not only from the plasma membrane but also from endocytosed vesicles (arrows), but Ap3-SHG is solely detected at the plasma membrane. Scale bar represents 2 μm.

The observed intracellular signals might originate from endocytosed vesicles. This possibility was examined by visualizing membrane-anchored GFP-TPF and Ap3-SHG signals together with endocytosed vesicles loaded with 10-kDa dextran-conjugated Alexa Fluor 594. Indeed, some intracellular membrane-anchored GFP-TPF signals colocalized with endocytosed vesicles ([Figure 1](#fig1){ref-type="fig"}D). Further supporting the origin of the membrane-anchored GFP signals, live imaging of these vesicles revealed that the intracellular signals were mobile endocytosed vesicles, whereas the SHG signal was stable throughout the imaging period ([Video S1](#mmc2){ref-type="supplementary-material"}). These results suggest that membrane-bound fluorescent probes are powerful for the visualization of all membrane structures in the cell, including the periphery of the cell, but cannot be utilized to specifically highlight the plasma membrane. In contrast, when cells were stained with the SHG-active amphiphilic dye, SHG imaging was plasma membrane-selective.

Video S1. Live Imaging of Endocytosed Vesicles, Related to Figure 1

Characterization of Ap3-SHG Signals at the Plasma Membrane {#sec2.2}
----------------------------------------------------------

The comparison between SHG and TPF signals demonstrated the very narrow and sharp nature of SHG signals at the plasma membrane, which appear to follow a Gaussian distribution based on an analysis of the plot profile ([Figure 1](#fig1){ref-type="fig"}C). Therefore, we quantitatively evaluated the validity of Gaussian fitting to the Ap3-SHG signals at the plasma membrane ([Figures 2](#fig2){ref-type="fig"}A and 2B). Indeed, the intensity profiles of Ap3-SHG were well fit by a Gaussian curve ([Figure 2](#fig2){ref-type="fig"}C, *R*^2^ = 0.9931 ± 0.0067, n = 24).Figure 2Characterization of Ap3-SHG Signals at the Plasma Membrane(A) Representative image of the Ap3 SHG signal at the plasma membrane. Scale bar represents 1 μm.(B) Plot profile of the Ap3-SHG signal shown in (A) across the plasma membrane. The original data (black circles) were fit with a Gaussian function (red line).(C) Box chart showing the *R*^2^ values for the Gaussian fit of Ap3-SHG signals at the plasma membrane.(D) Representative images of Ap3-SHG and membrane-anchored GFP-TPF signals at different cell heights. Z-positions indicate the apparent height of the imaging focal plane, measured from the bottom of cells that are attached to the coverslip. Scale bar represents 10 μm.(E) Schematic illustration showing the site of Ap3-SHG imaging. Ap3 dyes (arrows) are inserted in the plasma membrane, but only those at the edge are aligned perpendicular to the incoming laser generate second harmonic signals.

The width of the plasma membrane is less than 10 nm, which is well below the spatial resolution of the two-photon microscope, and Ap3-SHG signals at the plasma membrane exhibit a Gaussian shape, suggesting that Ap3-SHG at the plasma membrane originated from Ap3 confined to a subresolution region. For comparison, we analyzed the pattern of TPF signals from fluorescence beads of a subresolution size (spherical beads 100 nm in diameter). We confirmed that the TPF signal from the subresolution beads showed a Gaussian shape, similar to Ap3-SHG at the plasma membrane (*R*^2^ = 0.9931 ± 0.0017, n = 11). The full width at half maximum of the plasma-membrane Ap3-SHG signal was 464 ± 46 nm (n = 24), comparable with that of the TPF signal from 100 nm subresolution beads (525 ± 53 nm, n = 11). Combined with the data in [Figure 1](#fig1){ref-type="fig"}, these results demonstrate that SHG imaging can identify the plasma membrane location with a precision and accuracy that was not possible under fluorescence-based imaging. Notably, when cells were imaged at various heights, SHG intensity was the highest where the plasma membrane was perpendicular to the imaging field, but virtually absent where the plasma membrane was parallel ([Figure 2](#fig2){ref-type="fig"}D). Taken together, these data suggest that only SHG dyes at the edge of the plasma membrane can interact with incoming electromagnetic fields from the laser and thus effectively generate SH signals ([Figure 2](#fig2){ref-type="fig"}E). Importantly, the plasma membrane visualized by SHG is not attached to an artificial substrate, such as glass or plastic at the bottom of the cell, but exists in the physiological context. The fact that Ap3-SHG at the plasma membrane originates from a point source enables the precise identification of the plasma membrane location according to the peak of the Gaussian fit. These results suggest that SHG plasma membrane analyses allow the determination of the accurate locations of the physiological plasma membrane in living cells.

Characterizations of Peri-Plasma Membrane Cytoskeleton Fibers {#sec2.3}
-------------------------------------------------------------

Results so far clearly demonstrated that it is difficult to detect the location of the plasma membrane by fluorescent imaging, and this challenge can be resolved by SHG plasma membrane imaging. As a proof of principle, we attempted to determine the precise architectures of subcortical actin and tubulin structures at the physiological plasma membrane. CHO cells were infected with baculoviruses containing genes encoding GFP-tagged actin or tubulin, stained with Ap3, and subjected to imaging. The illumination of these cells allows the visualization of the plasma membrane localization by SHG and subcortical cytoskeleton by GFP-TPF ([Figure 3](#fig3){ref-type="fig"}). We then selected locations where actin or tubulin bundle signals were clearly resolved, obtained plot profiles across the plasma membrane, fit plasma membrane SHG and cytoskeletal TPF signals with Gaussian curves, and measured distances between the peaks. These analyses revealed the distributions of actin and tubulin cytoskeleton fibers at the plasma membrane ([Figure 4](#fig4){ref-type="fig"}, actin: 257.1 ± 63.2 nm, tubulin: 367.4 ± 28.0 nm, n = 26 for actin, n = 16 for tubulin). A comparison of the two distributions revealed clear differences between these cytoskeletal structures in terms of their distances from the plasma membrane (p = 4.0 × 10^−6^, U-test).Figure 3Multimodal Two-Photon Imaging of the Plasma Membrane and Cytoskeleton(A) Representative images of the plasma membrane and actin visualized by Ap3 and GFP-tagged actin. Scale bars represent 10 μm (top) and 1 μm (bottom), respectively. In the merged image, actin GFP-TPF and Ap3-SHG signals are shown in green and magenta, respectively.(B) Representative images of the plasma membrane and tubulin visualized by Ap3 and GFP-tagged tubulin. Scale bars represent 10 μm (top) and 1 μm (bottom), respectively. In the merged image, tubulin GFP-TPF and Ap3-SHG signals are shown in green and magenta, respectively.Figure 4Analyses of Distances from the Plasma Membrane to Intracellular Actin and Tubulin Cytoskeleton(A) An example of a plot profile showing Ap3-SHG (black) and actin GFP-TPF (red) signal patterns across the plasma membrane corresponding to the region shown in [Figure 3](#fig3){ref-type="fig"}A. Open circles show original data, and solid lines show Gaussian fit curves.(B) An example of plot profiles of Ap3-SHG (black) and tubulin GFP-TPF (green) corresponding to the regions shown in [Figure 3](#fig3){ref-type="fig"}B. Open circles show original data, and solid lines show Gaussian fit curves.(C) Histogram showing the distributions of the distances from the actin and tubulin cytoskeleton to the plasma membrane. The bin size is 20 nm.(D) Schematic illustration showing the spatial relationship between the plasma membrane and actin and tubulin cytoskeletons.

Discussion {#sec3}
==========

The identification of the precise location of the plasma membrane is the first step in characterizing biological phenomena at and around the plasma membrane, but conventional fluorescence-based methods are insufficient for this purpose. In this study, we characterized the nature of SHG signals at the plasma membrane and established SHG as a plasma membrane-specific imaging tool. The width of the plasma membrane is less than 10 nm; thus, its precise localization requires the deduction of the origin of a signal derived from an optically unresolvable single point. SHG imaging achieves this since it arises only from the plasma membrane. Importantly, no spectral overlap exists between the SHG signal from the SHG-specific dye and any fluorescent signals generated from the same laser source owing to the Stokes shift of fluorescent signals and the non-fluorescent nature of the SHG-specific dye ([@bib9]). This is critical when analyzing two items in close vicinity, such as cortical actin and the plasma membrane, as demonstrated in this study. Furthermore, SHG imaging of the plasma membrane can be used to detect subtle changes in membrane integrity ([@bib8]). SHG is also useful for measuring membrane potentials in neurons ([@bib10], [@bib11], [@bib14], [@bib17]). Taken together, our results establish the plasma membrane selectivity of SHG imaging, which has wide applications in cell biology.

In addition to the fluorescent protein-based approaches examined in this study, small organic fluorescent dyes with affinity to the lipid bilayers have also been applied to visualize the plasma membrane. In particular, a series of amphiphilic fluorescent dyes that are applied extracellularly are readily incorporated to the plasma membrane and emit fluorescence, but these dyes also suffer from rapidly arising intracellular signals owing to dynamic endocytosis/exocytosis. Many of these dyes also generate second harmonic signals at the plasma membrane and thus can be utilized to visualize the plasma membrane ([@bib15]). However, strong and often broad-spectrum fluorescent signals limit their combined use with other fluorescent reporters with spectral overlap. The SHG-specific non-florescent dye that we recently developed overcomes this limitation and thus enables simultaneous plasma membrane imaging with other reporters ([@bib9]). In principle, SHG can also be used to visualize large intracellular organelles where the SHG dye distribution breaks the centrosymmetry. However, we did not observe these structures around the plasma membrane. This can likely be explained by the small diameters of most endocytosed/exocytosed vesicles (\<200 nm) ([@bib5]), which are much smaller than the optical resolution of the conventional two-photon microscopy system; dyes inserted around a vesicle make them centrosymmetric as a whole. The same may be true for larger organelles that are stacked in close proximity.

Total internal reflection fluorescence (TIRF) imaging is another useful imaging method for near-plasma membrane phenomena; it utilizes the limit of evanescent light traveling above the cover glass ([@bib7]). In fact, TIRF imaging has been successfully applied to investigate peri-plasma membrane phenomena, such as exocytosis/endocytosis. However, TIRF visualization is limited to materials that are directly attached to the coverslip. Since the plasma membrane at the bottom of cells attaches to the glass surface via artificial substrates, such as poly-lysine, it may not be representative of physiological conditions. In contrast, SHG visualizes properties at the edge of cells, away from the surface. It should be noted, however, that because SHG imaging is sensitive to orientation, plasma membranes that are parallel to the imaging focal plane cannot be properly visualized. At the same time, optical resolution is higher in the lateral axes than in the axial direction, meaning that the regions visualized through SHG resulted in the most accurate measurement of distances surrounding the plasma membrane. Therefore, the addition of SHG as an imaging tool should contribute to a better understanding of the plasma membrane and nearby structures.

In conclusion, SHG using an amphiphilic SHG-specific dye at the plasma membrane showed a sharp single-point origin signal that can be utilized to identify the location of the plasma membrane with unprecedented precision. Thus, multimodal two-photon imaging with the plasma membrane-specific SHG and fluorescent markers provides a unique and powerful tool for cell biology research.

Limitations of the Study {#sec3.1}
------------------------

As mentioned earlier, owing to orientation selectivity, plasma membranes that are parallel to the imaging focal plane cannot be visualized by SHG imaging. Moreover, in densely packed tissues where the plasma membrane of one cell is attached to that of another cell, extracellularly applied SHG dyes will align in the opposite direction at the interface, and therefore, the SHG signal may be canceled; this limitation can be overcome by applying the dye intracellularly.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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